Super Elongation Complex (SEC)
Little Elongation
Pol II C-Terminal Domain Phosphorylation
The C-terminal domain (CTD) of Pol II is modified by multiple phosphorylation events across a repeated peptide sequence throughout the transcription cycle. The resulting "CTD code" dynamically controls the temporal recruitment of transcription, RNA processing, and histone modification machinery. The best understood modifications of the CTD consensus repeat sequence are Ser2 and Ser5 phosphorylation. Ser2-P is enriched at the 3′-ends of many genes and promotes recruitment of several RNA processing and elongation factors, including Spt6 and Set2. Ser5-P is enriched at the 5′-ends of genes and recruits elongation and RNA processing factors. Ser7-P is less understood; however, transcription of small nucleolar RNAs is facilitated by this modification. Thr4-P correlates with Ser2-P but is enriched further downstream into polyA sites. Alanine substitution of Thr4 in mammalian cells results in a transcription elongation defect. Tyr1-P is implicated in transcription elongation in yeast through recruitment of Spt6 and inhibition of termination factor binding (Jeronimo et al., 2013) .
Histone Modifications Involved in Elongation
Cells employ a vast repertoire of histone modifications to modulate transcription. A subset of modifications involved in transcription elongation include the H2B monoubiquitylation cascade (at K123 in S. cerevisiae; K120 in humans), the H3 S10 phosphorylation cascade (H3 S10ph), and H3 K36 methylation (H3 K36me). In both yeast and human cells, H2Bub correlates strongly with transcription elongation. The H2Bub pathway has been most completely described in budding yeast, where Rad6 and Bre1 catalyze the ubiquitylation of H2B K123 (Fuchs et al., 2014; Smolle and Workman, 2013) . Deubiquitylation of H2B K123 by Ubp8 is thought to serve as a checkpoint for the recruitment of other proteins during transcription elongation. Ubp8 is part of the SAGA complex, which contains the histone acetyltransferase (HAT) Gcn5. H2B K123ub is a pre-requisite for additional histone modifications on gene bodies, namely H3 K4me 2/3 and H3 K79me 2/3 . H3 K4me 2/3 , catalyzed by the Set1-containing COMPASS complex, recruit HATs such as NuA3 and Gcn5 and HDACs. The H3 S10 cascade, best characterized in metazoans, involves histone crosstalk that leads to recruitment of P-TEFb. PIM1 phosphorylates H3 S10 on nucleosomes acetylated at H3 K9. This phosphorylation mark recruits 14-3-3, which binds to the acetyltransferase MOF. MOF acetylates H4 K16, which in turn recruits BRD4. H3 K36me 2 is required for recruitment of the histone deacetylase Rpd3S, which constrains histone acetylation levels and prevents cryptic initiation within genes. H3 K36me 3 helps maintain nucleosomes during transcription by recruiting the chromatin remodeler ISW1. The H3 K36 methyltransferase Set2 interacts with the Ser2-P form of Pol II. This summary is not exhaustive, as all four core histones are posttranslationally modified in various ways to impact the entire transcription cycle.
Histone Chaperones and Chromatin Remodelers
During elongation, histones are dynamically exchanged and nucleosomes are shifted by histone chaperones and chromatin remodelers (Venkatesh and Workman, 2015) . Chromatin remodelers use DNA translocase activity to move or evict nucleosomes. Histone chaperones bind to histones to prevent aggregation and non-specific DNA binding and to evict and reassemble nucleosomes. The FACT histone chaperone complex associates with Pol II and removes and replaces H2A-H2B dimers in the wake of transcription. Spt6, another conserved histone chaperone, reorganizes nucleosomes after passage of Pol II by binding to H3-H4. Asf1 is a histone chaperone that removes histones by binding to H3-H4 dimers during transcription, while Rtt106 is important for H3 deposition and the prevention of cryptic transcription. Nap1 assembles nucleosomes during elongation and binds an H2A-H2B dimer to form RSC-dependent hexasomes, thereby allowing passage of transcribing Pol II through the nucleosome. The chromatin remodeler RSC is recruited by Pol II CTD Ser2 kinases and histone acetyltransferases. Chd1 recruited by Paf1C and ISW1 recruited by H3K36me 3 are chromatin remodelers that prevent trans-histone exchange during transcription, and control nucleosome spacing.
